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The interaction between tomato plants and
Little is known on the strategies employed by Gram-positive phytopathogenic bacteria to sense the presence of the host plant, penetrate and colonize tissue, and counteract plant defense responses. Also largely unexplored are the molecular mechanisms associated with detection of Gram-positive bacteria by the host plant and with the activation of attempted defense responses.
Among the most devastating Gram-positive disease agents are actinobacteria of the genus Clavibacter whose subspecies cause systemic infections of the xylem in different plant species. 1 The subspecies Clavibacter michiganensis subsp. michiganensis (Cmm) causes bacterial wilt and canker of tomato (Solanum lycopersicum), an economically important disease causing yield losses worldwide. 1 In recent years important insight into the molecular mechanism of Cmm pathogenicity has been achieved, 1 and genome sequence of a Cmm strain has been established. 2 Major Cmm pathogenicity determinants are plasmid borne and include the -1,4-endocellulase CelA, 3 and the putative serine protease Pat-1. 4 Additional genes important for virulence are located in a pathogenicity island of about 129 kb on the Cmm chromosome which has a relatively low G + C content and is required for effective Cmm colonization of tomato plants. 2 Tomato is an economically important crop amenable to genetic analysis and transformations. Many resources are available for this plant species, including germplasm collections, natural and induced mutants, an extensive expressed sequence tag database and an ongoing genome sequencing project. 5 In addition, because of its experimental tractability, tomato plants have been widely used to study plant disease resistance and susceptibility. As genetic and molecular tools for both Cmm and tomato are in place, the tomato-Cmm pathosystem represents an excellent model to study the interplay between virulence determinants of a Gram-positive phytopathogenic bacterium and defense responses of a crop plant.
To get insight into host responses occurring during the tomatoCmm compatible interaction and molecular mechanisms associated with the development of wilt and canker disease symptoms, we recently analyzed gene expression profiles of tomato stems infected with Cmm. 6 This analysis revealed a clear activation of basal defense responses, which are typically observed upon plant perception of pathogen-associated molecular patterns (PAMPs). 7 These include production and scavenging of free oxygen radicals, induction of defense-related genes, enhanced protein turnover, and hormone biosynthesis. Interestingly, several tomato genes encoding proteins with characteristics of cell-surface receptors were differentially expressed in response to Cmm infection. 6 These proteins can be considered as candidate receptors for Cmm PAMPs and include two receptor-like kinases, a homolog of the receptor for the fungal PAMP ethylene-inducing xylanase from Trichoderma viride, 8 It remains to be elucidated what are the Cmm PAMPs perceived by tomato plants. Cold-shock protein from Gram-positive bacteria and different microbial patterns of Gram-negative bacteria, including lipopolysaccharides, flagellin, and the translational elongation factor EF-TU, were shown to act as PAMPs in plants. 10 Similarly, Cmm cold shock protein or cell wall components, such as peptidoglycan, lipoteichoic acid, and lipopeptides, which function as Gram positive-derived PAMPs in animal systems 11 , may act as PAMPs during the tomato-Cmm interaction. Additional possible Cmm PAMPs are exopolysaccharides, which are produced in large amounts by the bacterium and may interact directly with surface-exposed plant proteins. 1 The numerous extracellular cell wall degrading enzymes secreted by Cmm may also function as PAMPs, as observed for the fungal ethylene-inducing xylanase. 2, 12 Alternatively, by virtue of their hydrolytic activity, these enzymes may release plant cell wall fragments that are recognized by PAMP receptors. Indeed, different -glucan fragments released from plant cell walls were shown to elicit plant basal defense responses. 13, 14 How Cmm copes with the activation of basal defense responses is largely unknown. Many potential virulence determinants that might interfere with the plant defense reaction are clustered in the Cmm pathogenicity island, which is essential for effective plant colonization. 2 Several extracellular serine proteases are encoded in this region and inactivation of part of them by gene replacement drastically reduced Cmm colonization of tomato plants. 2 Although their targets are still unknown, these proteins might interfere with plant signaling pathways as it was described for certain cysteine proteases that serves in Gram-negative bacteria as suppressors of plant defenses. 15 An additional candidate for interference with plant signaling may be a tomatinase, also encoded in the Cmm pathogenicity island, because hydrolysis products of -tomatine were shown to suppress plant defense responses in a fungal system. 16 In addition to detecting the activation of basal defense responses, host gene expression profiling during the tomato-Cmm interaction unraveled the involvement of ethylene in disease development. 6 In fact, Cmm infection of tomato stems was found to induce expression of host genes related to ethylene biosynthesis and response (Fig. 1) . 6 Further analysis of ethylene-insensitive Never ripe mutants and transgenic plants with reduced ethylene synthesis indicated that ethylene is required for normal development of wilting symptoms (Fig. 2) , but not for the activation of defense-related genes or bacterial colonization. 6 We hypothesize that during infection ethylene synthesis and response are manipulated by Cmm virulence determinants to promote disease. Alternatively, ethylene is released as part of the host responses activated by bacterial recognition, or as a result of tissue maceration. In line with our first hypothesis, the type III effectors AvrPto and AvrPtoB from Pseudomonas syringae pv. tomato were shown to promote enhanced disease symptoms in tomato leaves, in part, by upregulating genes involved in ethylene production. 17 Interestingly, expression in tomato plants of AvrPto or AvrPtoB, and infection with Cmm resulted in the upregulation of the SlACO1 gene encoding the key enzyme of ethylene biosynthesis ACC oxidase. 6, 17 In conclusion, future research challenges for understanding how host responses are regulated by the plant and manipulated by a Gram-positive bacterium will be the isolation of Cmm PAMPs and their plant receptors, the identification of Cmm virulence determinants and the elucidation of their mode of action. 
